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- [57] ABSTRACT

A target for converting kinetic energy of a beam of high

~energy electrons into bremsstrahlung radiation in the
- forward direction which consists of a first layer of high
- or medium Z material that converts the electron energy

to bremsstrahlung, a second layer of low Z material
that is positioned in the forward direction with respect
to the first layer and stops electrons which are transmit-
ted through the first layer, and a third layer of high Z
material that is positioned in the forward direction with

respect to the second layer and absorbs low-energy

photons. The first layer which is of uniform thickness,

‘may be optimized to produce a maximum photon inten-

sity at any desired angle including 0°. The second layer

‘need not be uniform, however has a minimum thick-

ness to stop all electrons. The third layer may be ap-

proximately 0.06 g/cm®.

9 Claims, 7 Drawing Figures
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LAYERED, MULTI-ELEMENT
ELECTRON-BREMSSTRAHLUNG PHOTON
| CONVERTER TARGET

This invention is related to a target for converting the

3,999,096

kinetic energy of a beam of electrons into bremsstrah-

lung radiation and in particular to a thick multi-layered
target for use with high energy electrons to produce
bremsstrahlung photons suitable for radio-therapy or
radiographic applications.

For radio-therapy in particular it 1s desired to obtain
a spectrum of X-rays or bremsstrahlung which pene-
trates an object such as a patient, to some controlled
depth while minimizing damage to the patient’s healthy
tissue. The target should therefore produce a beam
consisting of an appropriate spectrum of high energy
photons with a minimum number of neutrons and elec-
trons.

In prior art devices, high energy electrons such as
produced by particle accelerators were used to bom-

bard a target material of high atomic number such as
tungsten. The thickness of the target had to be suffi-
cient to halt all of the electrons within the target and
this reduced the efficiency of the target since some of
the energy was absorbed or scattered within the target.

It is therefore an object of this invention to provide a
multi-layered X-ray target.

It is a further object of this invention to provide a
multi-layered target for use with a high energy electron
beam.

It is another object of this invention to provide a
multi-layered target which produces bremsstrahlung
photons having as high an average as possible for a
given electron energy.

It is a further object of this invention to provide a
multi-layered target in which the radiation in the beam
is maximized in the forward direction or at some partic-
ular angle from the forward direction.

It is another object of this invention to provide a
multi-layered target which produces a uniform photon
beam over a large solid angle.

It is a further object of this invention to provide a
multi-layered target which has a low neutron produc-
tion.

It is another object of this invention to provide a
multi-layered target which will halt all incoming high-
energy electrons.

These and other objects are achieved in a target for
converting kinetic energy of a beam of electrons mnto
bremsstrahlung radiation in the forward direction
which consists of a first layer of high or medium Z
material which converts the electron energy to brems-
strahlung, a second layer of low Z maternial which 1s
positioned in the forward direction with respect to the
first layer and stops electrons which are transmitted
through the first layer and a third layer of high Z mate-
rial which is positioned in the forward direction with
respect to the second layer and absorbs low energy
photons. The first layer which is of uniform thickness,
is optimized to produce a maximum photon intensity In
the forward direction or at some particular angle from
the forward direction. The second layer need not be
uniform, however has a minimum thickness to stop all
electrons. The third layer may be approximately 0.06
g/cm?®. |

In the drawings:

FIG. 1 1s a schematic view of thé target;
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FIG. 2 is a graph of radiation intensity versus thick-
ness for gold; |

FIGS. 3(a), 3(b) and 3(c) are graphs of optimized
thicknesses of tungsten, copper and aluminum respec-
tively versus electron energy for maximized radiation at
angles of 0° (the forward direction), 12° and 30°

FIG. 4 is a graph of layer thickness versus electron
energy for a high Z first layer target; and

FIG. 5 is a graph of layer thickness versus electron
energy for a medium Z first layer target.

An X-ray target 1 in accordance with this invention 1s
illustrated schematically in FIG. 1 wherein an electron
beam 2 is shown entering the target and bremmstrah-
lung radiation 7 is shown leaving the target. The target
1 consists of three individual layers of material with
different atomic numbers. The first layer 3, encoun- .
tered by the impinging electron beam 2 is normally of
uniform thickness and consists of a material of high

atomic number Z such as tungsten or gold. High Z
materials could be considered as any of those having an

atomic number greater than 58. Due to the high Z, a
photon beam having a large angular distribution is
produced through elastic and inelastic scattering of the
electron beam 2. The thickness of layer 3 can be set to
produce a maximum amount of radiation in the for-
ward direction, shown. by arrow 6, or at some particular
angle from the forward direction. All materials have a

“specific optimum thickness which is a function of the

material and the kinetic energy of the electron beam 2.
In the publication ‘‘Bremsstrahlung Production and

Shielding of Static and Linear Electron Accelerators
below 50 MeV Toxic Gas Production, Required Ex-
haust Rates, and Radiation Protection’ by Brynjolfsson
and Martin — International Journal of Applied Radia-
tion and Isotopes, 1971, Vol. 22, pages 29-40, 1t is
shown that radiation output in the forward direction 1s
a function of target thickness. This is illustrated in FIG.
2 which is a graph of radiation intensity Iz in the for-
ward direction versus target thickness in g/cm? for gold.
The forward radiation intensity is maximized at one
particular optimum thickness f,5. As electrons travel
through the material, their energy is degraded which
results in smaller contribution to the total bremsstrah-
lung production. In addition, the self-adsorption and
scattering of radiation in the material adds to the fall
off in intensity for thickness greater than #,,. The opti-
mum thickness ¢y, in radiation lengths for a material
may be approximately determined using the equation:

0.3T

Lout = b T, (1)

where

T = initial kinetic energy of the electron in MeV

= stopping power in MeV/g for electronic collisions

b'T = stopping power in MeV/g for radiative colli-
sions

t. = radiation length in g/cm? of a material with
atomic number Z

At angles other than the forward direction, 1,e., an-
gles >0°, radiation output is also a function of target
thickness and it has been determined that the opti-
mized thickness for maximum radiation at a particular
angle @ is greater than the optimized thickness for max-
imum radiation in the forward direction, 6=0°. This is
illustrated in FIGS. 3(a), 3(b) and 3(c) which are
graphs of optimum thickness versus electron energy for
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angles of 6=0° 6=12° and 6=30°. FIGS. 3(a), 3(b) and

3(c) illustrate optimized material thicknesses for tung-
sten, copper and aluminum respectively. The optimized

thickness of a material for maximum radiation at angles
other than those shown may be obtained by interpola-
tion on one or other of the above figures, and the opti-
mized thickness of a material other than those used in
the above figures may be approximated by interpolat-
ing between points on FIGS. 3(a), 3(b), and 3(¢) which
represent a high Z, a medium Z and a low Z material
respectively.

In order to minimize the production of photo-neu-
trons, the material used in the first layer 3 may be a
medium Z material such as Ni or Cu. Medium Z mate-
rial could be considered as any of those having an
atomic number between 25 and 58. However, a me-
dium Z material results in radiation having a lower
forward intensity for the same electron beam power.

The second layer 4 encountered by the electron
beam consists of a low Z material, i.e., a material hav-
Ing an atomic number below 25, such as aluminum or
aluminum oxide. Layer 4 must have a minimum thick-
ness in order to fully stop the electron beam so that
electrons are not transmitted through the target. This
thickness is a function of the material used in the layer
as well as the kinetic energy of the electron beam as it
impinges upon layer 4. A low Z material is required to
minimize the attenuation of the photon beam produced
in the first layer 3 while stopping the electron beam.
Layer 4 further serves as a means of preferentially
absorbing low energy bremsstrahlung photons which
raises the average energy of the photon beam. The
production of photo-neutrons is also reduced by using
a low Z material which has a high threshold value and
low cross-section for photo-neutron production. In
addition, layer 4 need not have a uniform thickness, but
may vary in thickness to obtain some desired angular
distribution of the photon beam.

The third layer 5 consists of a uniform thin layer of
high Z material such as tungsten or gold. Layer 5 pref-
erentially absorbs the low energy photons in the beam
in such a manner that the entrance radiation dose in a
substance similar to water from the low energy pho-
tons, 1.e., <IMeV, will not be greater than that from
the high energy photons, i.e., >1MeV. This layer would
be approximately 0.06 g/cm? thick, or 0.0094 radiation
lengths for tungsten and 0.01 radiation lengths for gold.

As shown on FIG. 1, layer 4 is shown as being imme-
diately adjacent to layer 3 on one side and layer 5 on
the other side. For medical instruments, this is usually
the case due to the lack of space, however, the layers
may be spaced one from the other. In addition, to ob-
tain the smallest target possible in terms of thickness, it
1s preferred to use high density material for the various
layers.

FIGS. 4 and § illustrate in graph form, the preferred
- thicknesses for the three layers used in a target in ac-
cordance with this invention as a function of initial
electron Kinetic energy. The first layer was determined
for an optimum thickness related to maximizing the
radiation in the forward direction. The thicknesses are
expressed in radiation lengths and the targets repre-

sented by FIGS. 4 and 5 have a first layer 3 which is a.

high Z material-tungsten and a medium Z material-
nickel respectively. The radiation lengths in g/cm? for

some typical materials are as follows: Al — 26.4, Ni —

13.1, W — 6.37 and Au — 6.02.
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The medium Z first layer target illustrated in FIG. 3
will produce a bremsstrahlung strength which is ap-
proximately 10% lower than the high Z first layer tar-
get, however, photo-neutron strength will be approxi-
mately 40% lower at 40 MeV and 80% lower at 25
MeV. The relative strengths of photo-neutron produc-
tion are shown below in table 1 for fully stopping nick-
el-aluminum-tungsten, tungsten, and aluminum targets
as compared to a tungsten-aluminum-tungsten target.

Table I

. . L

Relative Photoneutron Production

. ninlir

Electron
Energy |
(MeV) W-ALW Ni-Al-W W Al
25 | 0.23 6.5 0.19
0.61 4.6 0.49

40 I

Tables 2 and 3 below show the relative radiation
outputs for fully stopping monolayer aluminum and
tungsten targets as compared to a tungsten-aluminum-
tungsten target at angles of 0° and 12° for the same
input beam power.

Table 2

Electron
Energy W-Al-W Al W
(MeV) _ _6=0° _96=0° o=()°
50 ] 0.83 0.69 '
30 1 0.78 0.73
20 | 0.74 0.76
10 1 0.69 0.84
5 1 0.64 0.86
Table 3
Electron
Energy W-Al-W Al W
— (MeV) ___©6=12° e O=12° O=12° _
50 1 0.44 0.69
30 ] 0.48 0.73
20 1 0.57 0.76
10 I 0.55 0.84
5 I 0.47 0.86
We claim:

1. A target for converting the kinetic energy of a
beam of electrons into bremsstrahlung radiation pri-
marily in the beam forward direction comprising:

a first layer of material upon which the electron beam

Is to be directed, said first layer consisting of a high
Z material having an atomic number Z greater than
38 or a medium Z material having an atomic num-
ber Z greater than 25 and less than 58, for convert-
ing said electron energy to bremsstrahlung radia-
tion;

a second layer of material positioned in the beam
forward direction with respect to said first layer,
sald second layer consisting of a low Z material
having an atomic number Z less than 25, for stop-
ping electrons transmitted through said first layer;
and |

a third layer of material positioned in the beam for-
ward direction with respect to said second layer,
said third layer consisting of a high Z material for
absorbing low energy photons in the bremsstrah-
lung radiation.

2. A target as claimed in claim 1 wherein said first

layer 1s of uniform thickness ¢,,, for maximum radiation
in the forward direction wherein:
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0.3T
(at+b6T)t,

fm.u' —

where

I' = itial kinetic energy of the electron in MeV

a = stopping power in MeV/g for electronic collisions

b'T = stopping power in MeV/g for radiative colli-
S10NS |

t, = radiation length in g/cm? of a material with
atomic number Z.

3. A target as claimed in claim 1 wherein said first
layer 1s of uniform thickness greater than ¢,,, for maxi-
mum radiation at a predetermined angle from the for-
ward direction wherein:

0.37
(at+b-T)t,

lopt =

where |
T =nitial kinetic energy of the electron in MeV

10

15

6

a = stopping power in MeV/g for electronic collisions
b'T = stopping power in MeV/g for radiative colli-
sions |
t, = radiation length in g/cm? of a material with
atomic number Z. |
4. A target as claimed in claim 2 wherein said second
layer 1s of minimum thickness for stopping all of the
electrons transmitted through said first iayer.
S. A target as claimed in claim 4 wherein said third

layer 1s of uniform thickness of approximately 0.06
glcm?.

6. A target as claimed in claim 1 wherein said first,
second and third layers consist of high density materi-
als.

7. A target as claimed in claim 1 wherein said second
layer is positioned adjacent to said first layer and said

- third layer is positioned adjacent to second layer.
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8. A target as claimed in claim 1 wherein said high Z
material is tungsten or gold, and said low Z materlal IS
aluminum or aluminum oxide.

9. A target as claimed in claim 8 wherein said me-

dium Z material is nickel or copper.
| - T T N R
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